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J. Physiol. (1979), 293, pp. 173-195 5. In order to selectively activate tendon organ afferents, thresholds for excitation of Ia afferents by electrical stimuli were increased to a level above the threshold for lb afferents by prolonged muscle vibration (Coppin, Jack & MacLennan, 1970 Previous studies of synaptic actions of group I muscle afferents revealed that both the group Ia muscle spindle afferents and the group lb tendon organ afferents evoke inhibition of spinal motoneurones. However, the motoneurones inhibited by these two groups of afferents appeared to have different functional relations with the muscles of their origin. Impulses in Ia afferents from a given muscle were found to inhibit motoneurones of antagonistic muscles operating at the same joint (the Ia reciprocal inhibition between flexors and extensors; Lloyd, 1946;  Eccles, Eccles & Lundberg, 1957a; Eccles & Lundberg, 1958) , and only impulses in lb afferents were thought to be responsible for inhibition of motoneurones of homonymous and synergistic muscles (the autogenetic inhibition; Laporte & Lloyd, 1952;  Granit, 1950; Hunt, 1952; Eccles et al. 1957a; Eccles, Eccles & Lundberg, 1957c ; see also Haase, Cleveland & Ross, 1975) .
Using adequate stimulation of muscle spindle afferents, different selection of motoneurone species and more sensitive detection techniques we have found that both Ia and lb afferents contribute to the autogenetic inhibition. The present paper describes evidence for inhibitory post-synaptic actions of impulses in group Ia muscle spindle afferents from homonymous and synergistic muscles on motoneurones of ankle extensors and compares them with inhibition evoked by selective activation of lb afferents as described by Coppin et al. (1970) . The papers to follow (J. Czarkowska, E. Jankowska & E. Sybirska, in preparation; E. Jankowska, T. Johannisson & J. Lipski, in preparation) will show that the Ia and lb autogenetic inhibition may be mediated by the same interneurones. Some of the preliminary results were briefly reported (Fetz, Jankowska, Johannisson & Lipski, 1978) . (Nembutal, Abbot, (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) mg/kg, supplemented with 1-2 mg/kg. hr). Three cats were anaemically decerebrated (Pollock & Davis, 1930) and five cats anaemically decorticated as described by And6n, Jukes, Lundberg & Vyklicky (1966) , 2-3 h before terminating ether anaesthesia; in these cats small amounts of chloralose were also subsequently administered. In the main series of experiments all the cats were spinalized at Thl3-L1 level to remove any supraspinal inhibitory control of interneuronal transmission (Holmqvist & Lundberg, 1961) .
The animals were paralysed with gallamine triethiodide (Flaxedil, Rhodia) After rigid fixation of the left hind limb, the muscles were stretched longitudinally by an electromagnetic puller attached through a stainless-steel wire to the peripherally cut tendons of triceps sure and plantaris; the position of the puller could be changed to adjust the initial length of the muscles. The displacement of the tendons was measured by an optical bridge circuit. Since the system had some compliance (0.01 mm/N) and there was a linear relationship between the force and the displacement, this circuit also measured the longitudinal tension exerted on the puller by the stretched muscles. The initial tension of 5 N corresponded to an increase in the length of the muscles of 8-12 mm, depending on the size of the animals. The stretch used as a phasic stimulus resembled a triangular wave form with a duration of 3-5 msec and the amplitude up to 70 #am (at 5 N); slightly larger stretch amplitudes could be produced at lower initial tensions. The stretched muscles were dissected free over approximately the distal half of their length, taking particular care not to compromise their blood supply. The nerves to medial gastrocnemius, lateral gastrocnemius and soleus and plantaris were dissected free in continuity to allow the electrical as well as adequate stimulation of muscle afferents.
Since the effect of a stretch of a muscle on muscle spindles and Golgi tendon organs may depend on numerous experimental variables (e.g. number of simultaneously stretched muscles, initial tension used, the limb fixation etc., cf. Brown, Engberg & Matthews, 1967; Matthews, 1972) , we first investigated the optimal stimulus parameters for activating each type of receptor under our experimental conditions. In three non-paralysed cats, the activity of ninety-seven single afferent fibres from triceps surae and plantaris was analysed while recording from split filaments of dorsal roots, or intra-axonally. Muscle spindle primary endings (Ia afferents) were identified by a conduction velocity > 75 m/sec, and a pause in their discharge during muscle contractions evoked by electrical stimulation of its nerve; muscle spindle secondary endings (group II afferents) by conduction velocity < 70 m/sec and a similar pause during muscle contractions; tendon organ afferents (group Ib afferents) by conduction velocity > 75 m/sec and increase in E. E. FETZ AND OTHERS firing rate during muscle contraction. Fig. 1 Stuart, Moscher, Gerlach & Reinking, 1970) we found that when all four muscles were stretched, the lowest thresholds for Ia afferents were attained only when the initial tension was greater than 4 N. At the initial tension of 5 N, which was routinely used in the main series of the experiments, the majority of Ia afferents (75 %, n = 51) had thresholds below 10 #sm and stretches 30-35 jtm activated about 90% of these fibres ( Fig. 1 B) ; only single spike discharges were observed. None of thirty-nine lb fibres were activated by stretches 40 jsm or less at 5N but 44 % responded to 45-60 jm stretches, i.e. with thresholds similar to those reported by Stuart et al. (1970) and Ellaway & Trott (1978) . It is worth noting that an increase of muscle tension from 3 to 5 N did not markedly decrease the thresholds for lb afferents (Fig. 1A, B) but did allow activation of a much higher proportion of Ia afferents with stretches subthreshold for lb afferents.
In addition to group Ia afferents, stretches of about 30 um excited two of ten group II afferents. Impulses in these afferents arrived at the dorsal root entry zone 6 and 9 msec after the stimulus, respectively, later than impulses in Ia afferents (4-7 + 0-9 msec, S.D.) or Ib afferents (5.1 ± 0-6 msec, S.D.) (cf. Stuart et al. 1970 
RESULTS
The autogenetic inhibition of motoneurones sensu stricto would be that evoked by afferents from the same muscle which is innervated by those motoneurones; however, the term has also been applied to inhibition evoked from both the same muscle and its synergists. We are using the term 'autogenetic inhibition' in this broader sense in order to relate inhibition from Ia afferents to the inhibition from lb afferents, usually referred to as the autogenetic (see Granit, 1950 , 1955 and Haase, Cleveland & Ross, 1975 . There are, however, good reasons to restrict this term to effects evoked from homonymous muscles (see Eccles et al. 1957 c and the Discussion) and to use another term, e.g. 'synergistic inhibition', to denote synaptic actions from synergists.
As the evidence for inhibition of motoneurones byIa afferents from homonymous and synergistic muscles it will be shown: (i) different degrees of polarization. Since the presence or absence of the Ia i.p.s.p.s was the main point of interest, they were maximally enhanced by polarization of the neurones and their absolute amplitudes were analysed only in some special cases (see below). The stretch-evoked i.p.s.p.s were analysed in three main experimental variants: (i) while recording from motoneurones of the triceps surae and plantaris muscles and stretching all the four muscles together (initial tension 5 N) with their nerves intact, (ii) while recording from plantaris and medial gastrocnemius motoneurones and stretching separately either the plantaris or medial gastrocnemius muscles (initial tension 3.0-3-5 N) and (iii) while recording from plantaris motoneurones and stretching all the four muscles together, but with plantaris nerve cut (initial tension 5 N). These variants allowed demonstration of i.p.s.p.s evoked by Ia afferents from E. E. FETZ AND OTHERS only homonymous muscles (ii), from only synergists (iii) and from both (i). It was expected that the first variant should provide the strongest excitation of the interposed interneurones, assuming convergence of afferents from several muscles onto them, and the most pronounced Ia i. (Fig. 1 A) (Fig. 3B, E) ; only a stronger stretch evoked the second component of the i.p.s.p.s (Fig. 3 C, F) in the latter motoneurone. Fig. 4 illustrates responses evoked in a plantaris motoneurone by stretches of triceps surae and plantaris before and after sectioning the plantaris nerve. With the nerves to all four muscles intact the i.p.s. (Fig. 5A and B) . Since 6A , B) leads to the same conclusion. The electrically evoked i.p.s.p.s appeared with latencies 1 1-1 8 and 2*5-3-2 msec, similar to those of i.p.s.p.s classified as di-and trisynaptic (Fig. 6C) by Eccles et al. (1957 c) . The latencies of stretch-and electricallyevoked i.p.s.p.s were distributed over a similar range, although the values for the stretch evoked i.p.s.p.s tended to be slightly greater and were more evenly distributed.
A comparison between the latencies of Ia autogenetic i.p.s.p.s in motoneurones (Fig. 5 C, F) and of monosynaptic lb e.p.s.p.s in interneurones, both evoked by muscle stretch (Fig. 5D) To check this possibility the thresholds for discharging motoneurones by muscle stretches were tested in eight experiments by recording from L7 and S1 ventral roots (whole roots, mounted on two pairs of electrodes, separately tested) and averaging responses to stretches of different amplitudes. Thresholds for monosynaptic reflexes were between 10 and 45 jzm in six cats and above 50 ,sm in two cats. In two other cats no monosynaptic reflexes were evoked even by maximal electrical stimuli which were otherwise more effective than muscle stretches. With the exception of one cat with threshold for firing the motoneurones about 10 ,tm, the threshold amplitudes of stretches giving rise to the i.p.s.p.s were always less than threshold stretches for evoking ventral root discharges (Fig. 7) ; in addition the 30 jum stretches were below the threshold for activating motoneurones in five out of ten cats.
Control experiments confirmed that our ventral root recording was sufficiently sensitive to detect action potentials in one or a few axons. Single motoneurones were activated by intracellularly applied depolarizing current pulses while recording simultaneously from the ventral roots. Action potentials in the axons of all (nine) tested motoneurones were easily seen after averaging (Fig. 7F, H ) and usually also in single sweep records (Fig. 7E, G) . In all cases they were detected both when strong and weak intracellular pulses were used and when motoneurone discharges were well synchronized or temporally dispersed. Randomly penetrated motoneurones were used for these tests. As potentials in their axons in the ventral roots were very distinct, no attempt was made to compare responses of smaller and larger motoneurones. Similar tests made under even less favourable recording conditions (for single fibres in the intact lateral funiculus, cf. Jankowska, Padel & Tanaka, 1975) showed clear averaged responses also in the cases when they could not be seen in single sweep records. of nerves to these muscles, just subthreshold for Ia afferents after tonic vibration for 30-60 min (Coppin et al. 1970) ; depending on the preparation the muscle vibration increased the threshold for Ia afferents to 1-2-1-4 times the original threshold and the data of Coppin et al. (1970) suggest that such electrical stimuli should have activated less than 50 % of lb afferents.
As illustrated in Fig. 9A -E distinct i.p.s.p.s were already evoked by stimuli near threshold for lb afferents. The weakest stimuli evoked i.p.s.p.s with a simple time course and latencies consistent with a disynaptic coupling (Fig. 6C') . These latencies clearly fell within the range of the earliest i.p.s.p.s evoked by electrical stimuli maximal for group I afferents (Fig. 6B, Fig. 6C, U . In view of the relatively small amplitudes of the above described stretch-evoked Ia i.p.s.p.s one might hesitate to ascribe them any essential functional role. We therefore tested the effect of small stretches of synergistic muscles on monosynaptic reflex discharges of a larger population of motoneurones. The test monosynaptic reflex was evoked from plantaris and preceded by conditioning stretches of triceps surae. Vibration of triceps surae was previously reported to increase the monosynaptic 187 E. E. FETZ AND OTHERS reflex from plantaris (Magherini, Pompeiano & Thod6n, 1972) showing that the small heteronymous e.p.s.p.s (Eccles et al. 1957b) Fig. 10F . Only in one cat was the maximal stretch-evoked depression more significant, as illustrated in Fig. 10A-E In this cat two stimuli were used to evoke the test monosynaptic reflex. Since the first stimulus (1 3 times threshold) was likely to excite a certain proportion of lb afferents it might have affected some interneurones mediating lb inhibition of motoneurones. The particular effectiveness of Ia conditioning volley at conditioning testing intervals of 2-4 msec (0.5-2-5 msec between the Ia volley and the first test stimulus) might therefore be accounted for by a mutual facilitation of effects from Ta and lb afferents. A mutual facilitation of stretch-evoked effects of Ta afferents of lateral gastrocnemius-soleus and Ta afferents of medial gastrocnemius activated by the first electrical stimulus should also be taken into account.
DISCUSSION
Results of our experiments show that both lb tendon organ afferents and Ia muscle spindle afferents from synergists may inhibit motoneurones. When activated in isolation, the Ia afferents were found to evoke distinct i.p.s.p.s in a considerable proportion of the analysed motoneurones. However, amplitudes of these i.p.s.p.s were much smaller than amplitudes of i.p.s.p.s evoked from lb afferents; the differences were particularly marked in view of a higher proportion of Ia than of lb afferents which were selectively stimulated under our experimental conditions. Also, fewer motoneurones were inhibited by volleys in Ia afferents alone as compared to those in which lb i.p.s.p.s were evoked. It is thus possible that the main function of the Ia inhibition from synergists would be to support the lb inhibition rather than to control the excitability of motoneurones independently of the tendon organ afferents.
In evaluating these results it should be noted that our observations were made on a limited number of motoneurone species and that so far they are valid primarily for motoneurones innervating triceps surae and plantaris. These motoneurones were selected for two reasons. First because afferents from ankle and toe extensors are among the most potent in evoking the autogenetic and synergistic inhibition (Eccles et al. 1957 c) and second because adequate stimulation of muscle spindle afferents in these muscles by stretch and vibration is technically the easiest and was used in several previous studies (e.g. Granit & Henatsch, 1956; Lundberg & Windsbury, 1960; Brown et al. 1967; Stuart et al. 1970 Stuart et al. , 1971 Ellaway & Trott, 1978) , thus allowing comparison with their results. In supplementing the results obtained on triceps surae and plantaris we might add that Ia i.p.s.p.s were also found in four out of ten tested knee flexors, posterior biceps-semitendinosus motoneurones (E. E. Fetz, E. Jankowska, T. Johannisson and J. Lipski, unpublished). These were evoked by electrical stimulation of the nerves to these muscles by stimuli clearly below threshold for the second (Ib) component of the incoming afferent volley, with intensities 1 08-1 3 times threshold for Ia afferents. I.p.s.p.s from similarly low threshold afferents from knee extensors, quadriceps, were previously observed in a number of ankle and toe extensors by Eccles et al. (1957 a) and Lundberg, Malmgren & Schomburg (1977; see below) . Thus the Ia inhibition from synergists may be quite a common phenomenon. However, before generalizing the conclusions of this study its occurrence in other motoneurone species should be systematically confirmed.
189
Previous observations relevant to the Ia origin of autogenetic and synergistic inhibition (i) In the first systematic study of inhibition evoked from group I afferents in motoneurones of synergistic muscles, using the technique of conditioning monosynaptic reflexes, Laporte & Lloyd (1951) stated that 'clearly threshold to brief shocks of the afferent fibres mediating the inhibitory action is closely similar to that of the afferent fibres mediating monosynaptic facilitation'. They considered that the small differences might depend on 'presence in the inhibitory pathway of an internuncial relay requiring a degree of summation for response', but finally attributed the inhibition of motoneurones of homonymous and of synergistic muscles to tendon organ afferents. The main reason for this conclusion was that the pattern of the observed inhibitory actions was opposite to that of the reciprocal inhibition evoked from muscle spindle afferents (Lloyd, 1946) and was similar to the effect from tendon organ afferents previously described by Granit (1950) and Hunt (1952) . Similar thresholds for monosynaptic facilitation and for disynaptic inhibition of synergists found by Laporte & Lloyd might, however, be taken as indicating Ia autogenetic inhibition only in the case of vastus lateralis, posterior biceps and semitendinosus, because Ia and lb afferents in other nerves do not show comparable differences in their sensitivity to electrical stimuli (see Jack, 1978) . Recording intracellularly from motoneurones, Eccles et al. (1957a) Fig. 5 ). In view of these and other observations they reconsidered the contribution of Ia afferents to the inhibition of synergistic motoneurones as an alternative possibility.
(ii) Analysing the time course of monosynaptic e.p.s.p.s, Brock, Coombs & Eccles (1952) and Coombs, Eccles & Fatt (1955) described a slightly more rapid initial decay of some e.p.s.p.s with the largest amplitudes and a subsequent hyperpolarization. Such effects were illustrated both in gastrocnemius motoneurones and in posterior biceps-semitendinosus motoneurones, in the latter with stimuli below threshold for the lb component of the afferent volley and under anaesthesia sufficiently deep to abolish reflex discharges of motoneurones. If the unusually rapid decay of such e.p.s.p.s was due to an i.p.s.p, evoked by impulses in Ia muscle spindle afferents, its relatively high threshold (within the Ia range), small amplitude (under barbiturate anaesthesia) and its temporal facilitation might be explained by properties of transmission at the interneuronal level; the prolonged duration of the hyperpolarization following the e.p.s.p.s would require some other explanations.
A differential sensitivity of the later phase of Ia e.p.s.p.s to depolarization (Smith, Wuerker & Frank, 1967; Kuno & Llinas, 1970; Shapovalov & Kurchavyj, 1974; Werman & Carlen, 1976) Fig. 2 of Smith et al. 1967) was followed by an i.p.s.p., it is not possible to determine whether it originated from muscle spindle or tendon organ afferents.
(iii) Adequate stimuli which undoubtedly activated Ia muscle spindle afferents (static stretch and vibration of muscles and muscle contractions accompanied by an early Ia discharge) have been reported to inhibit monosynaptic reflexes from synergists under various experimental conditions. However, the experiments were not designed to differentiate between Ia and lb or group II effects (Granit, 1950; Bianconi, Granit & Reis, 1964) and between short latency postsynaptic and longer latency and long-lasting presynaptic actions of Ia afferents (Magherini et al. 1972; Magherini, Pompeiano & Seguin, 1973) . Consequently the contribution of Ia afferents to the inhibition attributed to other afferents or to the primary afferent depolarization remains unresolved.
(iv) Brown, Lawrence & Matthews (1968) found that Ia afferents activated by vibration and stretch inhibited some spontaneously discharging motoneurones but were uncertain whether these were a-or y-motoneurones. If they were y-motoneurones these observations would agree with the subsequent studies by Fromm & Noth (1976) and Ellaway & Trott (1978) . If some of these motoneurones were amotoneurones, their inhibition could represent the Ia inhibition now described. In the interpretation of the stretch-evoked inhibition of y-motoneurones the possibility of its mediation by Renshaw cells via stretch-activated a-motoneurones was strongly emphasized (for references see Ellaway & Trott, 1978) . However, there is evidence for an alternative mechanism of this inhibition. Recording intracellularly from ymotoneurones, Grillner, Hongo & Lund (1969) found that the latencies and time course of i.p.s.p.s evoked in them from group I afferents closely resembled those of i.p.s.p.s evoked in a-motoneurones. Ellaway & Trott (1976 also found evidence that lb afferents contribute to the autogenetic control of y-motoneurones. Thus, y-inhibition of group I origin might well be evoked by the same system of interneurones which mediate inhibition of a-motoneurones. Factors favouring and preventing appearance of inhibition from Ia muscle spindle afferents from synergists Since i.p.s.p.s evoked from these afferents appear to be relayed both di-and trisynaptically, the occurrence of these i.p.s.p.s must primarily depend on the excitability of the interposed interneurones. The Ia autogenetic and synergistic inhibition should therefore appear more readily in unanaesthetized preparations than in those under deep anaesthesia, after removing the supraspinal inhibitory 
